For a progressive multifocal liquid lens with an elastic membrane deformed by liquid pressure, to realize a reasonably power distribution, asymmetric deformation characteristics of the membrane surface are needed. Based on the asymmetric freeform surface structure, this paper proposed progressive multifocal liquid lenses focused by liquid with nonuniform thickness membranes. e structure and mathematical model of power distribution for the lens are introduced. e membrane deformation and the corresponding power distribution of the lenses with asymmetric freeform surface are predicted and compared under uniform pressure load and different boundary conditions using the finite element method. An optical testing system is constructed to analyze the optical characteristics of the fabricated lenses through observing the focusing performance of the F target image at different regions of the lenses. Experimental results show that the liquid lenses can realize as asymmetrical progressive multifocal liquid lenses after liquid accommodation; meanwhile, the trends of power distribution of the lenses generally agree well with simulations.
Introduction
Focus-tunable liquid lenses have attracted a great deal of attention in recent years, which can change the optical power distribution more smoothly by modifying the amount of liquid through tuning the internal liquid pressure of the lens [1] [2] [3] [4] . Traditionally, a liquid lens is composed of a chamber with one side being a thin elastic membrane and the other being a transparent window; moreover, finite element method (FEM) is usually applied to simulate the membrane deformation under different boundary conditions and loading [4] [5] [6] [7] [8] . Focus-tunable liquid micro lenses with elastic membranes were also developed and analyzed through controlling actuators to adjust the pressure of liquid and alter the radius of curvature of the membrane [9, 10] . Likewise, a liquid plano-convex mini lens with focal length tunable is constructed and the focal length of the lens can be adjusted through changing the amount of oil droplet or adding an external force onto the lens [11] . Furthermore, a varifocal liquid lens actuated by laser-induced thermal Marangoni forces is introduced which changes a local curvature of the droplet surface due to the thermocapillary displacement of liquid droplet caused by heating with a laser beam [12] .
In addition, tunable focus liquid lenses with large optical aperture were also introduced, which provided larger range of tunable power [13] [14] [15] [16] . In order to reduce gravity effects to the performance of liquid lens, one method used an inplane pretention force onto the membrane to take the place of surface tension and another used a nonuniform thickness profile of flexible membrane [17, 18] . Furthermore, the focus-tunable liquid lenses using nonuniform thickness membranes are also introduced and have some advantages compared with the lens with a uniform thickness membrane of alleviating the edge clamping effect, reducing spherical aberration and improving optical resolutions [19] [20] [21] [22] [23] . e liquid lenses introduced above have one focus, and the focus only can be tuned along an axis. In this study, progressive multifocal liquid lenses are proposed which have two focuses, and they can be adjusted simultaneously using the deformation characteristics of nonuniform thickness membranes with different constraints. e desired surface shape of nonuniform thickness membrane after deformation should be an aspherical surface; meanwhile, the type of constraint is the key to obtain a progressive multifocal liquid lens. Moreover, the surface of membrane after deformation can be considered as a freeform surface structure with different constraint conditions. In the field of architecture, there was a freeform surface structure which defined specified fixed points of the perimeter as the geometric constraint conditions [24] . In addition, NURBS (nonuniform rational B-spline) is an effective method to express the geometry of freeform shell structures through the coordinates of the NURBS control points, and restressed membrane roofs of freeform could be suspended on arches or suspension cables [25, 26] . From above, we can draw from the form of constraint conditions of freeform surface structures in the field of architecture to obtain desired asymmetric membrane in the design of multifocal liquid lens.
Based on the design of freeform surface structures with kinds of constraint conditions, in this study, progressive multifocal liquid lenses are proposed by considering the deformation characteristics of nonuniform thickness membranes and corresponding optical power distribution. Several elastic membranes of 3D models of nonuniform thickness are built in the software of SolidWorks, and then the corresponding deformation is calculated by using FEM simulations under different boundary conditions and uniform pressure load. Subsequently, three kinds of progressive multifocal liquid lenses are designed based on the deformation characteristics of the nonuniform thickness membranes, and an optical testing system is built to analyze the focusing performance of the proposed lenses. e potential applications of the proposed progressive multifocal liquid lens can be in the field of tunable optics and in the field of vision correction especially for the old people who can change the power value at different environments.
Structure and Mathematical Model of Optical Power Distribution for the Lens
Tunable liquid lenses with a uniform thickness membrane or a nonuniform thickness membrane are shown in Figure 1 , which mainly consist of an elastic membrane, a substrate, constraint, liquid chamber, and a pinhole. For the liquid lens with uniform thickness membrane whose thickness is t, the membrane deforms and rotates symmetrically with respect to the optical axis under uniform pressure load and circular constraint; however, for the liquid lens with nonuniform thickness membrane whose thickness changes from t 1 to t 2 , the membrane deforms and rotationally asymmetric. e coordinates of (x, y, z) for the liquid lens are shown in Figure 1 (c), and the coordinate of z is the direction of the surface membrane to deform. In this study, polydimethylsiloxane (PDMS) is used as the material of elastic membrane because of its good optical transparency (≥95%), long elongation, and ease of fabrication process. e material chosen for the substrate of liquid lens is polymethylmethacrylate (PMMA) (refractive index n � 1.49) because of high transparency (≥92%) and good mechanical properties. Furthermore, the deionized water is used as the liquid (n � 1.33) which is pumped into the chamber of the lens through the pinhole by means of an external syringe pump, and then the membrane deformed depending on the liquid pressure leading to the change of the curvature of the membrane surface. In addition, the constraint is not only a connecting device between the membrane and substrate but also an edge-clamped device of the liquid lens. e optical power distribution is the main evaluation index of a progressive multifocal liquid lens, which is expressed as spherical power D, and the corresponding contour plots can be calculated through the following equation [27, 28] :
where H is the mean curvature of one point of the lens surface, n is the refractive index of the lens, and k 1 and k 2 are the orthogonal curvature of any point on the lens surface, which satisfy the quadratic equations as follows:
where p � (zz/zx), q � (zz/zy), r � (z 2 z/zx 2 ), s � (z 2 z/zx zy), t � (z 2 z/zy 2 ), and g � ��������� 1 + p 2 + q 2 . e value of the surface vector heights of a lens can be described by the equation z � f(x, y), where x, y, and z are rectangular Cartesian coordinates, and p, q, r, s, and t are the differentials of all kinds of order of surface sag. By solving the equation (2) , the mean curvature can be expressed as
In this study, several 3D models of nonuniform thickness elastic membranes are constructed in the software of Sol-idWorks and inputted into the software of Ansys, and then the deformation data onto the membranes under uniform surface pressure load can be obtained through FEM simulation with different boundary conditions; therefore, the optical power distribution can be calculated and evaluated through equations above.
Predicted Deformation Characteristics of the Nonuniform Freeform Surface Membrane and Optical Power Distribution of the Lens
e software of ANSYS can be used to do FEM simulation, in this study, ANSYS is employed to obtain the deformation characteristics of PDMS membranes under different boundary conditions. Firstly, the models of 3D geometry of membranes in the software of SolidWorks are established, and then the models are transferred to ANSYS for meshing and simulation. e parameters of PDMS membrane of 2 International Journal of Optics Young's modulus, Poisson's ratio, and density are set as 1.2 MPa, 0.46, and 982 kg/m 3 , respectively [4] . en, the parameters are input into ANSYS, and the meshed type, boundary conditions, and load pressure are set; after the simulation, the raw data onto the deformed profile is generated. Finally, the digital data onto the membrane deformation are analyzed with Microsoft Excel program and then transferred into the software of MATLAB to calculate the optical power distribution through equations (1) and (2) . e most important is that the design rule of liquid lenses is to obtain a power value of +4D/+6D in the far/near vision region, and the optimization approach is to adjust the thickness distribution for circular membranes and try different constraints between elastic membrane and support plate under uniform surface pressure.
Characteristics of the Deformation and Optical Power Distribution for Nonuniform Membranes with Full Edge
Clamped. Two kinds of structures of 3D geometry of circular membranes are designed and simulated with full edge clamped of boundary condition as shown in Figure 2 . Figure 2 (a) shows the front view of circular membranes and the diameter is 30 mm, Figures 2(b) and 2(c) show the side view of two kinds of structures of 3D geometry of circular membranes, and the numbers are in millimeters. Also, the coordinates of (x, y, z) for the membrane are shown in Figure 2 (a) with the coordinate of z is the direction of the membrane to deform. en, the thickness distribution of the two shapes of membranes are one direction inclined and two directions inclined as shown in Figures 2(b) and 2(c). In addition, the freeform surface structure of the circular membrane after deformation with constraint of full edge clamped is predicted as shown in Figure 2 Furthermore, the digital data of deformation displacement of membranes are analyzed with Microsoft Excel program and then inputted into the software of MATLAB to calculate the surface mean power according to equations (1) and (2), as illustrated in Figures 3(c) and 3(d). e aim of the simulation is to attain a progressive multifocal lens with a power distribution of +4D (f � 250 mm) at the far view region and +6D (f � 167 mm) at the near view region. For the model with one direction inclined as shown in Figure 2 (b), the optical power distribution changes from +4D to +6D obtained under the pressure of 106 Pa as shown in Figure 3 (c), while for the model with two directions inclined as shown in Figure 2 (c), it has two focuses and its corresponding power are +4.03D in the far view point and +5.99D in the near view point as shown in Figure 3 (d). at is, only the model with two directions inclined with constraint of full edge clamped can obtain multifocal under uniform pressure onto the surface of the membrane.
Characteristics of the Deformation and Optical Power Distribution for Nonuniform Membranes with Part of Edge
Clamped. For the liquid lens of PDMS membrane with part of edge clamped, the liquid-filled cavity of the lens is sealed with a piece of uniform thickness PDMS membrane and a piece of nonuniform thickness PDMS membrane which can be designed, and then adhesive films located at the edge of the lens can be used as the constraint to bond PDMS membrane together with a PMMA plate. So, another two kinds of nonuniform thickness membranes are designed; one of them is a circular membrane with double directions incline with constraint of two parts of edge clamped, and its front view and side view are shown in Figures 4(a) and 4(b). e other is a nonuniform thickness membrane with Nonuniform thickness membrane
Deformed membrane Liquid In conclusion, the optical power distribution characteristics of the far view region and near view region are similar under different constraints and pressure loads for the two kinds of nonuniform thickness membranes.
According to the simulation of the mean power distribution of three kinds of nonuniform thickness membranes with different constraints of full edge clamped, two parts of edges clamped and three parts of edges clamped are shown in Figures 3 and 5 . ree kinds of liquid lenses based on the membranes can realize progressive multifocal; however, the scope of the far view region and near view region of the lens with a membrane of three parts of edges clamped is the largest, and the results are important inspiration to design a progressive multifocal liquid lens.
Tested Optical Characteristics
In order to evaluate the optical characteristics of fabricated liquid lenses, an optical experiment setup is constructed and the objective lens is used to take pictures which are observed onto a CMOS camera. e liquid lens is placed between the CMOS camera and F target, and the image of the F target can be observed clearly through adjusting the inner liquid pressure using a syringe pump and regulating the position of the lens along the guide rail. e schematic diagram and a photograph of the optical experiment setup devised to check the focusing performance of the fabricated lens are shown in Figures 6 and 7 , and the system consists of computer, vibration isolation table, guide rail, syringe pump, liquid lens, pressure gauge, F target, and CMOS camera. e CMOS camera is placed onto a precision guide rail, whose pixel size is 5.2 × 5.2 µm, and the resolution of the CMOS sensor (DLC300-L) is 2048 × 1563 pixels. In the process of measurement, the distance between the end face position of the liquid lens and CMOS camera can be measured when the F target is observed focusing. In addition, a syringe pump is used to fine tune liquid pressure of the lens through pushing or pulling; then, the elastic membrane of the liquid lens is deformed, and the corresponding focal length will be altered. e justification for the choice of different geometries is the characteristic of optical power distribution, especially for the liquid lens using nonuniform thickness membranes with different constraints to obtain +4D/+6D in the far/near vision region. So, a prototype of an asymmetrical liquid lens is made according to the simulation results in Figure 3(d) , and the aperture of the lens is 30 mm as shown in Figure 8 , which include a mold, the front view, and side view of the lens before liquid injection. e lens is comprised of a nonuniform thickness PDMS membrane, a PMMA plate, pinhole, and the constraint of full edge clamped; therefore, the liquid-filled cavity of the lens is sealed with the nonuniform thickness PDMS membrane and PMMA plate. e adhesive ARseal 90880 (polypropylene double-sided adhesive tape) is used as the constraint to bond the PDMS membrane together with the PMMA plate. In this study, the circular ring of the adhesive film is used as the constraint to bond the PDMS membrane together with the PMMA plate. According to the shape of the membrane in Figures 2(a) and 2(c), the nonuniform thickness elastic membrane is made of polydimethylsiloxane (PDMS) SYLGARD 184 uncured mixture (10 : 1 ratio of base and curing agent) which was input into an aluminum alloy mold which is manufactured with ultraprecision machining and cured in an oven at 80°C for 40 minutes.
In the progressive addition liquid lens, the target surface profiles can be accurately replicated by the lens because the nonuniform thickness membranes are made from molds which are made according to the design and simulation, and the membranes will gain the desired shape with constraints through controlling the liquid pressure. e lens also can be optimized for best performance through adjusting the thickness distribution of the circular membrane and the type of constraints between the elastic membrane and support plate.
In the experiment, the liquid is injected by a syringe pump through a pinhole to deform the desired shape for the asymmetrical liquid lens under uniform liquid pressure which can be tuned through adjusting the flow rate or the moving speed of the pump. e diameter of the chamber is 30 mm, and the deformation characteristics of different regions of the lens are found to be different through the results of simulation. e original image of the F target before liquid injection is shown in Figure 9 , and the focal length of the liquid lens can be measured through observing the F target is clear or not using a camera. e liquid lens of the nonuniform thickness membrane with full edge clamped was made, and the representative images are shown in Figure 10 which were captured by the CMOS camera through the same liquid lens at different distances along the guide rail. Figure 10(a) shows the focused image located at the far view region of the lens, and the image is clear with focal length of f � 310 mm (D � +3.22) under a liquid pressure of 150 Pa, while the F target located at the near view region of the lens is blurred. Figure 10(b) shows the focused image located at the near view region of the lens, and the focal length is f � 280 mm (D � +3.57) under a liquid pressure of 150 Pa, while the image located at the far view region of the lens is blurred. Figure 10(c) shows that the image located at the far view region of the lens is focused, and the focal length is f � 250 mm (D � +4.00) under a liquid pressure of 167 Pa, while the image located at the near view 6 International Journal of Optics region of the lens is blurred. Figure 10(d) shows that the image located at the near view region of the lens is focused, and the focal length is f � 220 mm (D � +4.54) under the same liquid pressure, while the image located at the far view region of the lens is blurred. en, another two kinds of structure of asymmetrical multifocal liquid lens with different constraints are designed according to the simulation results in Figures 5(c) and 5(d) . According to the shape of the nonuniform thickness PDMS membrane in Figures 4(a) and 4(b) , the liquid lens with two parts of edges clamped was made and the liquid-filled cavity of the lens is sealed with a piece of uniform thickness e PDMS membrane and a piece of nonuniform thickness PDMS membrane are shown in Figures 11(a) and 11(b) , which give the front view and top view of the lens after liquid injection into the cavity. In addition, two pieces of adhesive films located at the edge of the lens are used as the constraint to bond the PDMS membrane together with the PMMA Figure 12(a) shows that the focused image located at the far view region of the lens with the F target is clear, and the focal length is f � 250 mm (D � +4.00) under a liquid pressure of 130 Pa, while Figure 12 Figure 12 (c) shows that the focused image located at the far view region of the lens with the F target is clear, and the focal length is f � 250 mm (D � +4.00) under a liquid pressure of 104 Pa, while Figure 12(d) shows that the F target image located at the near view region of the lens is focused, and the focal length is f � 170 mm (D � +5.88) under the same liquid pressure. e performances of the different structures of a liquid lens with a numerical aperture of 30 mm can be compared with each other through simulating the optical power distribution and observing the focusing performance of the F target image in the experiment. Based on the results of the imaging tested experiment, liquid lenses with constraints of full edge clamped, two parts of edges clamped, and three parts of edges clamped were made as mentioned above, and they can realize as asymmetrical multifocal liquid lenses after liquid accommodation because one part of the image has good quality under certain liquid pressure and we can change the liquid pressure to obtain another part of the image which has good quality.
From the results of imaging tested experiment as shown in Table 1 , imaging through the multifocal liquid lens with constraint of full edge clamped can obtain a focused image located at the far view region with f � 310 mm (D � +3.22) and focused image located at the near view region with f � 280 mm (D � +3.57) under a liquid pressure of 150 Pa, and also the lens can obtain a focused image located at the far view region with f � 250 mm (D � +4.00) and focused image located at the near view region with f � 220 mm (D � +4.54) under a liquid pressure of 167 Pa. In addition, the imaging through the liquid lens with constraint of two parts of edges clamped can obtain a focused image located at the far view region with f � 250 mm (D � +4.00) and focused image located at the near view region with f � 200 mm (D � +5.00) under a liquid pressure of 130 Pa. Furthermore, the F target image through the multifocal liquid lens with constraint of three parts of edges clamped can obtain a focused image located at the far view region with f � 250 mm (D � +4.00) and focused image located at the near view region with f � 170 mm (D � +5.88) under the liquid pressure of 104 Pa. ree kinds of liquid lens of nonuniform thickness membranes with constraints of full edge clamped, two parts of edges clamped, and three parts of edges clamped are made. According to the experiment results of focusing performance, three kinds of liquid lens can realize progressive multifocal; however, the scope and the power value of the far view region and near view region of the lenses are different, and the scope of liquid lens with constraints of full edge clamped is larger; however, the optical power value of the power of liquid lens with constraints of three parts of edges clamped is closer to the simulation under the same pressure.
Conclusions
In this study, progressive multifocal liquid lenses are proposed which take advantage of nonuniform thickness PDMS membranes and PMMA plates with different constraint conditions. In the process of design, the thickness of the PDMS membrane can be designed nonuniform, and when a uniform pressure is applied onto the membrane, the deformation characteristics of the membrane with different constraints based on FEM simulations and corresponding power distribution can be obtained. Based on the results of simulation, liquid lenses with constraints of full edge clamped, two parts of edge clamped, and three parts of edge clamped are designed and fabricated. Furthermore, the images of focusing performance of them are captured using an optical testing system. Experimental results demonstrate that they can realize as asymmetrical progressive multifocal liquid lenses after accommodation. e scope of liquid lens with constraints of full edge clamped is larger; however, the optical power value of the power of the liquid lens with constraints of three parts of edges clamped is closer to the simulation under the same pressure.
Although there are some deviations from the value of the experimental and simulation results, the reason may be that the thickness of membranes is not accurate enough in the experiment. e relationship between pressure onto the surface of the elastic membrane and the value of power can be obtained through the FEM simulation and power distribution model, and we can predict the value of optical power distribution (focal length) at different areas of the progressive multifocal liquid lens under different pressures. en, more and better focusing performance of progressive multifocal liquid lenses can be designed with different thickness membranes and different constraints based on the results. e potential applications of the proposed progressive multifocal liquid lens could be in vision correction especially for presbyopia of old people at different environments and in the field of tunable optics.
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